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I NTRODUCT I ON 
The Ceramic M a t e r i a l s  Research Program a t  t h e  U n i v e r s i t y  o f  Washington was 
e s t a b l i s h e d  June I, 1963, under Nat ional  Aeronaut ics and Space A d m i n i s t r a t i o n  
Grant Number NsG-484. 
m u l t i d i s c i p l i n a r y  research upon t h e  na tu re  and p r o p e r t i e s  of ceramic m a t e r i a l s  
and t o  a s s i s t  t h i s  i n s t i t u t i o n  i n  t h e  development o f  an endur ing research 
capabi I i t y  i n  ceramics and ceramic engineer ing.  The funds are, t he re fo re ,  used 
t o  make f i n a n c i a l  suppor t  a v a i l a b l e  f o r  research on ceramic m a t e r i a l s  conducted 
by members of t h e  U n i v e r s i t y  f a c u l t y  and t o  purchase such i tems of c a p i t a l  
equipment as a re  deemed d e s i r a b l e  f o r  t h e  implementation o f  t h e  s t a t e d  purposes. 
The p r i n c i p a l  purposes of t h e  g r a n t  a re  t o  encourage 
The program, planned t o  study the  e f f e c t s  o f  va r ious  energy environments 
upon ceramic ma te r ia l s ,  i s  d i v i d e d  i n t o  severa l  broad research areas, namely; 
chemical, su r face  phenomena, s o l i d  s t a t e  ceramics and processing. The research 
program i s  planned and coord inated by t h e  Ceramic M a t e r i a l s  Research Committee, 
t h e  membership of  which i s  appointed by t h e  Dean o f  t h e  Graduate School. 
and P r i n c i p a l  I n v e s t i g a t o r ;  Norman W. Gregory, Chemistry; John L. Bjorkstam, 
E l e c t r i c a l  Engineer ing;  0. J .  Whittemore, Jr., Ceramic Engineer ing;  and Bar ry  D. 
L i c h t e r ,  Metal l u r g i c a l  Engineering. A d m i n i s t r a t i o n  o f  t h e  program i s  coord inated 
by a board c o n s i s t i n g  o f  E. C. L i n g a f e l t e r ,  Associate Dean o f  t h e  Graduate School, 
Chairman; D. E. McFeron, Chairman, Committee on Research Po l i cy ,  Col lege o f  
Engineer ing;  D. A. P i f e r ,  D i r e c t o r  o f  t h e  School o f  Minera l  Engineer ing and James 
I .  Mue l l e r ,  P r i n c i p a l  I n v e s t i g a t o r .  
The 
, c u r r e n t  membership inc ludes James 1 .  Muel ler ,  Ceramic Engineering, Chairman 
' 
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GENERAL PROGRAM REPORT 
T h i s  i s  t h e  e i g h t h  semiannual s ta tus  r e p o r t  and covers t h e  second h a l f  o f  
t h e  f o u r t h  year o f  o p e r a t i o n  under t h i s  g r a n t .  Dur ing t h e  r e p o r t  per iod,  a 
t o t a l  o f  twenty p r o j e c t s  were supervised by f i f t e e n  f a c u l t y  members i n  f i v e  
academic d i s c i p l i n e s  of t h e  U n i v e r s i t y .  A t a b u l a t i o n  r e l a t i n g  academic depar t -  
ments t o  research areas and t o  t h e  number o f  i n d i v i d u a l s  r e c e i v i n g  suppor t  w i l l  
be found i n  Appendix A. The number o f  p r o j e c t s  appears t o  be reduced from t h e  
l a s t  r e p o r t ,  b u t  most of t h i s  i s  due t o  t h e  c o n s o l i d a t i o n  of p r o j e c t s ,  accom- 
p l i s h e d  t o  f a c i l i t a t e  a d m i n i s t r a t i o n  of t h e  program. 
The Ceramic M a t e r i a l s  Research Seminar, a p e r i o d  devoted t o  d iscuss ions o f  
concepts and research of i n t e r e s t  to  t h e  program, met f o r  a t o t a l  o f  s i x t e e n  
sessions du r inq  t h e  pas t  s i x  months. The speakers inc luded f o u r  graduate 
students,  f o u r  U n i v e r s i t y  f a c u l t y  members and e i g h t  v i s i t o r s .  The l a t t e r  
inc luded D r .  Te r ry  D. Gulden, General Atomics; D r .  Robert G. Lye, Research 
I n s t i t u t e  o f  AdvancedStudies, M a r t i n  Company; D r .  M. H. Kamdar, Research 
I n s t i t u t e  o f  Advanced Studies,  M a r t i n  Company; M r .  0 .  R. Gaskel l ,  McMaster 
U n i v e r s i t y ;  M r .  George McLellan, Corning Glass Works; M r .  L a r r y  D. R i l e y ,  
Tek t ron i x ,  Inc.; D r .  H. B. Probst,  Lewis F l i g h t  Center and M r .  Dean Carey, 
Tek t ron i x ,  Inc. 
The d i scuss ion  group program was expanded as those f a c u l t y  members and 
s tudents s tudy ing  upon t h e  s o l i d  s t a t e  aspects o f  ceramic m a t e r i a l s  i n i t i a t e d  
bi-weekly meetings t o  d iscuss research areas o f  mutual i n t e r e s t .  
group cont inued t h e i r  d i scuss ion  of  research on t h e  zirconium-oxygen-carbon 
system. The program supported t h e  attendance o f  e i g h t  f a c u l t y  members t o  a 
t o t a l  o f  f o u r  t e c h n i c a l  meetings o f  which f o u r  papers were presented based upon 
work supported by t h e  g r a n t .  Papers publ ished or presented r e s u l t i n g  f r o m  work 
supported whol ly  o r  i n  p a r t  by t h e  grant  a r e  l i s t e d  w i t h  t h e  i n d i v i d u a l  s t a t u s  
r e p o r t s  and i n  Appendix C. 
The chemical 
The NASA Technical  M o n i t o r i n g  Committee, c o n s i s t i n g  o f  M r .  James J .  Gangler, 
Chairman, D r .  M a r t i n  H .  L e i p o l d  and Dr .  H .  B. Probst,  made t h e i r  annual v i s i t  on 
May 16, 17 and 18, 1967. The p r o j e c t  superv isors presented s h o r t  b r i e f i n g s  on 
t h e i r  research on t h e  f i r s t  morning, a f t e r  which t h e  committee members v i s i t e d  
each superv i so r  and h i s  research s t a f f  i n  t h e i r  l a b o r a t o r i e s .  
P ro fesso r  M u e l l e r  was i n v i t e d  t o  p a r t i c i p a t e  i n  t h e  review o f  t h e  s o l i d  
s t a t e  research program a t  t h e  Research I n s t i t u t e  f o r  Advanced Studies,  M a r t i n  
Company, Bal t imore, on A p r i l  27, 1967. 
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RESEARCH STAFF 
Facu I t y  Supervisors : 
J. L. Bjorkstam, Ph.D. 
Professor,  E l e c t r i  ca I Engi neer i  ng 
J .  G. Dash, Ph.D. 
Professor,  Physics 
N. W ,  Gregory, Ph.D. 
Professor, Chemistry 
J.  1 .  Muel ler ,  Ph.D. 
Professor ,  Cerami c Engi neer i  ng 
E. A. Stern, Ph.D. 
Professor,  Phys i c s  
B. 0.  L i c h t e r ,  Sc.D. 
Associate Professor, M e t a l l u r g i c a l  Engineer ing 
0. J.  Whittemore, Jr . ,  M.Sc, 
Associate Professor, Ceramic Engi neer i  ng 
T. F. Archbold, Ph.D. 
A s s i s t a n t  Professor, M e t a l l u r g i c a l  Engineer ing 
R. J.  Campbel I ,  Jr., M.Sc. 
A s s i s t a n t  Professor, Ceramic Engineer ing 
R. L. I n g a l l s ,  Ph.D. 
A s s i s t a n t  Professor, Physics 
W. D. Scot t ,  Ph.D. 
A s s i s t a n t  Professor, Ceramic Engineer ing 
T. G. Stoebe, Ph.D. 
Ass i s t a n t  Professor, Meta I I u rg  i ca I Eng i neer i ng 
G. W .  Toop, Ph.D. 
A s s i s t a n t  Professor, Meta I I u r g i  ca I Eng i neer i  ng 
J.  E. Turnbaugh, Sc.D. 
A s s i s t a n t  Professor, Ceramic Engineer ing 
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Research Facu I t y  : 
J .  D. Siegwarth, Ph.D. 
Senior  Research Associate, Ceramic Engineer ing 
Predoc tora l  Associates:  
D. J.  Calk ins,  Ceramic Engineer ing 
M.S., Ceramic Engineer ing 
C. A .  Hinman, Ceramic Engineer ing 
M. S . , Cerami c Eng i neer i ng 
D. P. Johnson, Physics 
M.S. ,  Physics 
H. Y. B. Mar, Ceramic Engineer ing 
M.S., Ceramic Engineer ing 
J .  K. Merrow, Ceramic Engineer ing 
B.S., Ceramic Engineer ing 
A. D. M i  I ler ,  Ceramic Engineer ing 
B.S., Ceramic Engineer ing 
K. M. N a i r ,  Ceramic Engineer ing 
M.Sc., App I i e d  Chemistry 
R. E. Oe t te l ,  E l e c t r i c a l  Engineer ing 
M.S., E l e c t r i c a l  Engineer ing 
S. K. Sarkar, Ceramic Engineer ing 
M . S . ,  Ceramic Engineer ing 
J .  J .  Sipe, Ceramic Engineer ing 
B.S., Ceramic Engineer ing 
L. P. Sr ivastava,  M e t a l l u r g i c a l  Engineer ing 
M.S., M e t a l l u r g i c a l  Engineer ing 
Pei  Sung, Ceramic Engineer ing 
M.S., Metal l u r g i c a l  Engineer ing 
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Research Ass i s tan ts :  
L. Annapoorni, Ceramic Engineer ing 
M.S., Physics 
3. N .  Lee, M e t a l l u r g i c a l  Engineer ing 
B.S., Engineer ing 
D. B. Le iser ,  Ceramic Engineer ing 
B.S., Ceramic Engineer ing 
J .  H. Rai, Chemistry 
M. S , , Chemi ca I Eng i neer i ng 
E. H. Randklev, Ceramic Engineer ing 
M.S., Ceramic Engineer ing 
H. W. Schimmelbusch, M e t a l l u r g i c a l  Engineer ing 
B.S., Metal l u r g i c a l  Engineer ing 
T. L. Scot t ,  Ceramic Engineer ing 
B.S., Ceramic Engineer ing 
J .  F. Shackel ford,  Ceramic Engineer ing 
B.S., Ceramic Engineer ing 
Undergraduate Aides: 
C. P. Becker, Ceramic Engineer ing 
S.  T. Burnum, Ceramic Engineer ing 
C. T. McLeod, Ceramic Engineer ing 
R. L. Trantow, M e t a l l u r g i c a l  Engineer ing 
Support S t a f f  : 
S. H. Kamdar, Student Helper  
L. L. M i  I l e r ,  O f f i c e  A s s i s t a n t  
D. W. Nevin, Engineer ing A s s i s t a n t  
V .  V .  S t r i nge r ,  Secretary 
T. W .  Wol l e r ,  Machin is t  
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STUD I ES OF THE Z I RCON I UM-OXYGEN-CARBON SYSTEM 
Th is  system has been se lec ted  as t h e  s u b j e c t  of a general  s tudy of t h e  
e f f e c t s  of t h e  chemical environment upon ceramic m a t e r i a l s .  Several 
f a c u l t y  members from var ious  d i s c i p l i n e s  a r e  p a r t i c i p a t i n g  i n  a coord ina ted  
study t o  o b t a i n  bas ic  knowledge regard ing  t h i s  system. 
GAS-SOLID EQUILIBRIUM 
James I .  Muel let- 
Professor,  Ceramic Engi neer i  ng 
The composi t ion and pressure o f  t h e  gaseous phase(s1 assoc ia ted  w i t h  
t h e  s o l i d  phases a t  var ious  temperatures m a t e r i a l l y  a f f e c t s  t h e  e q u i l i b r i u m  
o f  a system. I t  i s  t h e  purpose o f  t h i s  research t o  s tudy t h e  e f f e c t s  o f  
these v a r i a b l e s  upon t h e  Zr-0-C system. 
Thermochemical Study of  Z i rconium Oxy-Carbide 
A.  D. M i  I l e r  
Predoc tora l  Associate, Ceramic Engineer ing (December 16 t o  June 15: 0 
Ph.2. Thesis Research 
The o b j e c t i v e  of t h i s  s tudy i s  the  de terminat ion  o f  t h e  ex is tence and 
s e l e c t e d  p r o p e r t i e s  o f  a proposed t e r n a r y  compound of approximate composi t ion 
Z r O o . 5 C 0 . 5  i n  t h e  system Zr-0-C. A dual approach t o  t h e  problem i s  be ing  
fo l lowed.  F i r s t ,  an i n v e s t i g a t i o n  of t h e  e l e c t r o n i c  band s t r u c t u r e  and i t s  
r e l a t i o n s h i p  t o  bonding p r o p e r t i e s ,  and second, a thermochemical study of t h e  
s o l u t i o n  o f  oxygen i n  the  Z r C  phase. 
The band s t r u c t u r e  s t u d i e s  were completed d u r i n g  t h i s  r e p o r t  per iod .  Band 
s t r u c t u r e s  and d e n s i t y  of s t a t e s  curves were c a l c u l a t e d  f o r  n i n e  cornposit ions 
a long a pseudo b i n a r y  ZrC-ZrO.  
near ZrOo.5Co.5  a re  q u a l i t a t i v e l y  s i m i l a r  t o  Z r C  i n  t h a t  no band gap e x i s t s  and 
thus these composi t ions should be m e t a l l i c  conductors. Rouah c a l c u l a t i o n s  o f  
t h e  cohesive energy of t h e  ZrOl-xCx composi t ions show a minimum i n  t h e  range 
9.6<x<O.O. 
These s t u d i e s  i n d i c a t e  t h a t  t h e  composi t ions 
Exper imental  work cont inued on e q u i l i b r a t i o n  o f  Z r C  w i t h  oxygen c o n t a i n i n s  
atmospheres. 
oxygen pressures rang ing  from t o  atm y i e l d e d  no products  which can be 
i d e n t i f i e d  as t h e  proposed t e r n a r y  compound. 
v a r i a b l e s  have no t  been independent, however, t h e  lowest oxygen pressures hav ing 
been on I y ach i evab l e  a t  t h e  I owest temperatures. Modi f i c a t  ions i n the  exper i - 
Experiments conducted over a temperature range o f  I 130- I 500°C a t  
The temperature and oxygen pressure 
mental des ign w i l l  have t o  be made i n  o r d e r  t o  cont inue t h i s  problzm. a 
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Studies of t h e  Z i rcon ium Dioxide-Carbon React ion 
S. K. Sarkar 
Predoc tora l  Associate, Ceramic Engineer ing (December 16 t o  June 15) 
Ph.D. Thesis Research 
Previous work has i n d i c a t e d  t h e  evidence of a consensed phase, t e n t a  
i d e n t i f i e d  as ZrOo.gCo.s.  The purpose of  t h e  c o n t i n u i n g  study i s :  ( 1 )  t o  
a d d i t i o n a l  i n fo rma t ion  upon t h e  na tu re  of t h e  r e a c t i o n s  involved, and ( 2 )  
make i n i t i a l  c h a r a c t e r i z a t i o n  o f  t h e  m a t e r i a l .  
i v e l y  
o b t a i n  
t o  
Stud ies  t o  determine t h e  i n i t i a l  requirements of  t h e  r e a c t i o n  i n d i c a t e  t h a t ,  
i n  a carbon tube furnace under 
phase i s  produced a t  temperatures less  than 1500OC. A face-centered c u b i c  
phase o t h e r  than Z r C  has been i d e n t i f i e d  a t  r e a c t i o n  temperatures betwsen 1 5 0 O O C  
and 1900°C. \Jork w i t h  t h e  h igh  temperature x-ray furnace us ing  e i t h e r  a 
t an ta lum or a carbonized tan ta lum sample ho lde r - res i s tance  elements has r e s u l t e d  
i n  t h e  fo rmat ion  of a tan ta lum z i rconate .  However, s t u d i e s  a r e  c o n t i n u i n g  w i t h  
t h e  x-ray furnace u s i n g  lower vacuums and h i g h e r  carbon conten ts  t o  observe t h e  
fo rmat ion  o f  z i rcon ium oxy-carbide i n  the  presence of t h e  tan ta lum z i r c o n a t e  
r e a c t i o n .  
To r r  vacuum, none of t h e  proposed t e r n a r y  
A furnace w i t h  a carbon h e a t i n g  element has been assembled t o  pe rm i t  t h e  
use of a known carbon monoxide atmosphere and exper imenta t ion  w i l l  cont inue. 
I n f l uence  of Oxygen A c t i v i t y  on t h e  S t r u c t u r e  o f  Z i rcon ium Oxide 
K. M. N a i r  
P redoc to ra l  Associate, Ceramic Engineer ing (December 16 t o  June 15) 
Ph.3. Thesis Research 
The purpose of t h i s  study i s  t h e  de terminat ion  o f  t h e  e f f e c t s  o f  low oxygen 
p a r t i a l  p ressure  a t  h igh  temperature upon t h e  s t a b i l i t y  of  Z r 0 2 .  I t  i s  planrlod 
t o  s tudy  t h e  p o s s i b l e  ex i s tence  o f  lower oxides of  z i rcon ium, the i r  dependence 
upon oxygen a c t i v i t y  and temperature, and t h e  i n f l u e n c e  of  t h e  fo rmat ion  of such 
an o x i d e  upon t h e  fo rma t ion  of a te rna ry  compound i n  t h e  Zr-O-C system. 
IJo s t a b l e  oxides of  z i rcon ium lower  than Z r 0 2  have been observed i n  t h e  
e q u i l i b r i u m  study of Zr-0 systems fo r  temperatures rang ing  between 700OC and 
IGOO°C and oxygen p a r t i a l  pressures of range log  oxygen pressure = and 
lag  oxygen pressure  = I t  has been observed, however, t h a t  t h e  color o f  
"Zr02" v a r i e d  from b l a c k  through shades of gray t o  w h i t e  w i t h  i nc reas ing  oxygen 
pressures .  These "b lack  oxides'' changed t o  a wh i te  c o l o r  when heated i n  a i r  o r  
oxygen. The d i f f r a c t i o n  l i n e  i n t e n s i t i e s  and t h e  d-spacings of  t h e  x-ray powder 
p a t t e r n s  increases w i t h  some consistency w i t h  t h e  inc rease o f  oxygen-par t ia l  
p ressure .  I t  has a l s o  been noted t h a t  a d i s c o n t i n u i t y  e x i s t s  i n  t h o  temperzture 
Versus 3-spacing p l o t  a t  t he  monoc l in ic - te t ragona l  t rans fo rma t ion  reg ion .  
'dork i s  proceeding t o  determine the r e l a t i o n s h i p  of  c o l o r  and oxygen 
d e f i c i e n c i e s  and t h e  non-equ i l i b r i um study of Z r - 0  systems f o r  v a r y i n g  tempera- 
t u r e s  and oxygen p a r t  i a I pressures. 
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SOLID-SOLID EQUILIBRIUM 
0 
1 .  N. W. Gregory 
Professor ,  Department o f  Chemistry 
A thermodynamic and k i n e t i c  study of  chemical r e a c t i o n s  i n  ox ide-  
carb  i de-graph i t e  systems. 
E f f u s i o n  Study of  Graphi te,  Metal  Oxide and Metal  Carbide Systems 
Juey Hong Rai 
Research A*ssistant,  Chemistry (December 16 t o  June 15) 
Ph . D. Thes i s Research 
T h i s  i s  a s tudy of e q u i l i b r i u m  and k i n e t  c p r o p e r t i e s  o f  chem cat  r e a c t i o n s  
between g r a p h i t e  and c e r t a i n  metal oxides and metal carb ides.  The r e a c t i o n  i s  
fo l lowed by measuring s teady-state e f f u s i o n  pressures of  gases produced, u s u a l l y  
CO. When e q u i l i b r i u m  pressures can be determined, thermodynamic a n a l y s i s  o f  t h e  
r e s u l t  w i  I I be made. 
A p r e l  iminary study of  t h e  r e a c t i o n  of MgO and g r a p h i t e  has been made. Mg 
vapor and CO a r e  formed. The t o t a l  pressure appears about I00 t imes less  than 
expected from JANAF data; equi  I i b r i u m  may n o t  have been reached. E f f e c t s  of 
o r i f i c e  dimensions, p e l l e t  p ress ing  and of  p o s s i b l e  c a t a l y t i c  a d d i t i v e s  are  t o  
be s t u d i e d .  A p r e l i m i n a r y  study o f  r e a c t i o n  of Z r C  and MgO has a l s o  been made. 
CO and P4g vapors a r e  released; steady s t a t e  pressures a r e  maintained f o r  
reasonably long per iods  and seem near expected e q u i l i b r i u m  values; however, 
c a l i b r a t i o n  of t h e  apparatus has y e t  t o  be conf i rmed so no d e f i n i t e  r e s u l t s  can 
be g iven a t  t h i s  t ime. 
CALORIMETR 
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C INVESTIGATION OF CERAMIC AND RELATED MATERIALS 
Barry  D. L c h t e r  
Associate Professor,  Meta I I u r g i c a l  Engineer ing 
The o b j e c t i v e s  are  t h e  c o n s t r u c t i o n  of  a high-temperature d ipheny l -  
e t h e r  drop c a l o r i m e t e r  and t h e  study of  h e a t  c a p a c i t y  and heats  of t r a n s -  
fo rmat ion  of ceramic and r e l a t e d  m a t e r i a l s .  
H i  gh-Temperature Drop Ca l o r i m e t r y  
Hugo W.  Sch i mme I busch 
Research Ass is tan t ,  M e t a l l u r g i c a l  Engineer ing (December 16 t o  June 1 5 )  
M. S . Thes i s Research 
A l l  components o f  t h e  h i g h  temperature tube furnace have been acqui red and 
The dropping mechanism 
manufactured. Const ruc t ion  of t h e  c a l o r i m e t e r  suppor t ing  members, counter-  
weight  system and c a l o r i m e t e r  gates has been completed. 
design ref inements and i t s  c o n s t r u c t i o n  are  underway. 
The g r a v i m e t r i c  system i s  under design a t  present.  P u r i f i c a t i o n  of  
d ipheny le ther  has been completed. 
c o n t r o l  of t h e  c a l o r i m e t e r  r e c e i v i n g  vessel t o  ?O.OOIoC has been checked o u t  
and found s a t i s f a c t o r y .  
The cons tan t  temperatare thermostat  f o r  
Ternary Ceramic Phase Diagrams 
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THERMODYIdAMICS OF TERNARY CERAMIC PHASE DIAGRAMS 
Gerald W. Toop 
A s s i s t a n t  Professor,  Meta I l u r g i c a l  Engineer ing 
The o b j e c t  o f  t h i s  i n v e s t i g a t i o n  i s  t o  a t tempt  t o  p r e d i c t  phase 
boundaries i n  t e r n a r y  phase diagrams us ing  t h e  thermodynamic p r o p e r t i e s  
o f  t h e  b i  nary systems. 
Dong Nyung Lee 
Research Ass is tan t ,  M e t a l l u r g i c a l  Eng 
M . S .  Thesis Research 
neer ing  (December 16 t o  June 5 )  
Th i s  work i s  c o n t i n u i n g  by app ly ing  t h e  method of  c a l c u l a t i o n  t o  t e r n a r y  
systems i n v o l v i n g  r e f r a c t o r y  metal oxides and carb ides  fo r  which b ina ry  thermo- 
dynamic data i s  a v a i l a b l e .  I t  has been found t h a t  a p romis ing  way o f  d i s p l a y i n g  
and ana lyz ing  t h e  t e r n a r y  data i s  t o  assemble a three-dimensional model o f  t h e  
t e r n a r y  i n t e g r a l  molar f r e e  energy of  m ix ing  sur face .  The phase boundaries can 
then  be determined by app ly ing  a tangent p lane t o  t h e  model. 
F u r t h e r  development o f  t h e  theory  has shown t h a t  two of t h e  t h r e e  terms 
i n  t h e  r e g u l a r  s o l u t i o n  equation, used i n  t h e  c a l c u l a t i o n s ,  become general and 
r i g o r o u s  near each pure  component i n  any t e r n a r y  system. Th is  i n d i c a t e s  t h a t  t h e  
method shou ld  g i v e  excep t iona l  r e s u l t s  i n  t e r n a r y  systems i n  k h i c h  one o f  t h e  
components i s  p resent  a5 a major c o n s t i t u e n t .  
ZIRCONIUM OXIDATION 0 
Thomas F. Archbold 
A s s i s t a n t  Professor,  M e t a l l u r g  cat  Eng n e e r i  ng 
Th i s  research p r o j e c t  i s i nvest  i g a t  i ng t h e  charac ter !  s t  i cs  and 
mechanisms of  t h e  i n i t i a l  stages o f  o x i d a t i o n  of  z i rconium metal .  The 
o x i d e  c r y s t a l  s t r u c t u r e  and metal-oxide o r i e n t a t i o n  r e l a t i o n s h i p s  a r e  t o  
be determined as a f u n c t i o n  o f  oxygen p a r t i a l  pressure and temperature.  
Z i rconium O x i d a t i o n  
L. P. Sr ivas tava  
Predoc tora l  Associate, M e t a l l u r g i c a l  Engineer ing (December 16 t o  June 15)  
Ph.3. Thesis Research 
To date, a gas t r a i n  p r o v i d i n g  a v a r i a b l e  p a r t i a l  pressure of  oxygen 
(ba lance argon) has been used t o  o x i d i z e  z i rcon ium f o i l  specimens for per iods  
of t i m e  rang ing  from 0.5 seconds t o  one minute a t  798OC.  A technique was 
developed t o  s t r i p  t h e  o x i d e  f i l m s  from t h e  metal f o r  t h e i r  o b s e r v a t i o n  i n  t h e  
e l e c t r o n  microscope; publ ished s t r i p p i n g  techniques led t o  a r t i f a c t s  i n  t h e  
ox ide.  Present  r e s u l t s  show t h a t  monocl i n i c  z i r c o n i a  i n i t i a l  l y  develops on t h e  
metal s u r f a c e  as t h i n  "s t reaks"  of ox ide which a r e  apparent ly  r e l a t e d  t o  t h e  
d i s l o c a t i o n  s t r u c t u r e  on or near t h e  metal sur face.  These "s t reaks"  l a t e r  
develop i n t o ,  o r  a re  superceded by, a cont inuous and f i n e l y  g ra ined z i r c o n i a  
f i l m .  T h i s  growth sequence ho lds  for  metal f o i l s  o x i d i z e d  a t  both one atm 
oxygen and a t  one ppm oxygen. The o x i d a t i o n  k i n e t i c s ,  of course, change w i t h  
oxygen pressure.  S i m i l a r  s t u d i e s  a r e  now be ing  c a r r i e d  o u t  a t  500°C, and a 
t h i r d  temperature w i l l  be se lected.  The o r i e n t a t i o n  c h a r a c t e r i s t i c s  of  t h e  
s t r i p p e d  ox ides a r e  b e i n g  s t u d i e d  by the use of  e l e c t r o n  d i f f r a c t i o n  b u t  t h e  
e x a c t  d e t a i l s  a re  d i f f i c u l t  t o  analyze due t o  t h e  complex p a t t e r n s  r e s u l t i n g  
from t h e  f i n e  g r a i n  s i z e .  
ternporar i  l y  u n t i  I t h e  r e c i p r o c a l  l a t t i c e  p a t t e r n s  have been c a l c u l a t e d  and 
ana I yzed. 
This  p o r t i o n  o f  t h e  work has been postponed 
F u t u r e  work w i l l  i n v o l v e  t h e  c o r r e l a t i o n  o f  s t r u c t u r e  i n f o r m a t i o n  w i t h  
k i n e t i c  da ta  ob ta ined b y  t h e  use o f  the Cahn Elect robalance.  
add a t h i r d  component, carbon, t o  t h e  system a f t e r  t h e  complet ion of t h e  present  
p r o j e c t  . 
I t  i s  planned t o  
SOLID STATE CERAMICS 
The b u l k  p r o p e r t i e s  of  some ceramic m a t e r i a l s  a re  o f  pr ime importance 
and these are, fo r  t h e  most par t ,  dependent upon s t r u c t u r a l  cons idera t ions .  
The purpose of  t h i s  research i s  t o  r e l a t e  t h e  n a t u r e  of c r y s t a l  I i n e  ceramics 
w i t h  a p p r o p r i a t e  p r o p e r t i e s .  
PHASE TOPOGRAPHY 
J e r r y  E. Turnbaugh 
A s s i s t a n t  Professor,  Ceramic Engineer ing 
Selected m i c r o s t r u c t u r a l  fea tures  common t o  ceramics a r e  be ing  s t u d i e d  
i n  terms of  t h e  v a r i a b l e s  leading t o  t h e i r  development. 
Phase Topoqraphy 
Pei Sung 
Predoc tora l  Associate, Ceramic Engineer ing (December 16 t o  June 
Ph.D. Thesis Research 
15) 
um so Jbi The purpose of  t h e  present  work i s  t o  measure t h e  e q u i l i b r  i t y  
o f  Hel ium i n  U02 and t o  s tudy t h e  growth of Hel ium bubbles under c o n d i t i o n s  of 
supersa tura t ion .  
Numerous measurements o f  Hel ium s o l u b i l i t y  and d i f f u s i v i t y  have been made 
a t  temperatures and pressures up t o  150OOC and 100-atm and work has been 
completed on a t h e o r e t i c a l  p r e d i c t i o n  of Hel ium s o l u b i l i t y  which now r e q u i r e s  
e v a l u a t i o n .  
A paper e n t i t l e d  " C a l c u l a t i o n  of t h e  Temperature-Dependent Shear Modulus 
of U02" by J .  E. Turnbaugh and Pei Sung has been submi t ted  fo r  p u b l i c a t i o n  i n  
t h e  Journa l  of Nuclear  M a t e r i a l s .  - 
A paper e n t i t l e d  " C a l c u l a t i o n  of D i f f u s i v i t y  and S o l u b i l i t y  w i t h  Errcr  
A n a l y s i s  fo r  D i f f u s i o n  i n  a Sphere" by J. E. Turnbaugh and Pei Sung has been 
submi t ted  f o r  p u b l i c a t i o n  i n  t h e  Journal  of t h e  American Ceramic Society .  --
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DOMAIN DYNAMICS I N  ISOMORPHOUS FERROELECTRICS 
0 
John L. B jorkstam 
Professor ,  E l e c t r i c a l  Engineer ing 
The o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  i s  t o  develop a mic roscop ic  model 
which exp la ins  e s s e n t i a l  fea tures  o f  t h e  p o l a r i z a t i o n  reve rsa l  process i n  
hydrogen bonded f e r r o e l e c t r i c s  o f  t h e  KH2P04 c lass .  
F e r r o e l e c t r i c  Domains and Domain Motion i n  KH2PO4 and KD2P04 
Richard E. O e t t e l  
Predoc tora l  Associate,  E l e c t r i c a l  Engineer ing (December IG t o  June 15) 
Ph . D . Thes i s Resea r c h  
One o f  t h e  i n t e r e s t i n g  s i d e  issues of our  i n v e s t i g a t i o n ,  has been the  
obse rva t i on  t h a t  180° domains i n  f e r r o e l e c t r i c s  a re  o f t e n  una f fec ted  by t h e  
presence o f  shor ted  e lec t rodes .  A t t e n t i o n  had been c a l l e d  t o  t h i s  unexpected 
phenomenon by workers i n  o t h e r  l abo ra to r ies .  We have now been a b l e  t o  show 
t h e  o r i g i n  o f  t h i s  e f f e c t .  I t  depends e s s e n t i a l l y  upon t h e  presence o f  a 
sur face  l aye r  whose spontaneous p o l a r i z a t i o n  and d i e l e c t r i c  cons tan t  a re  much 
less than t h a t  o f  t h e  b u l k  m a t e r i a l .  A t h e o r e t i c a l  framework for de termin ing  
t h e  c o n d i t i o n s  ( i  .e., c r y s t a l  th ickness,  sur face  p roper t i es ,  e tc . )  under which 
180° domain fo rmat ion  i s  n o t  e f f e c t e d  by shor ted e lec t rodes ,  has been es tab l i shed .  
I n  a d d i t i o n ,  work i s  p rogress ing  normal ly  on t h e  a c q u i s i t i o n  o f  data r e l a t e d  t o  
t h e  i n f l u e n c e  o f  temperature, and t h e  degree o f  deutera t ion ,  upon domain ve lo -  
c i t i e s  i n  t h e  above mentioned c r y s t a l s ,  when a s tep  vo l tage  i s  app l ied .  I t  has 
been found t h a t  t h e  domain v e l o c i t i e s  depend n o t  on l y  upon the  h e i g h t  o f  t he  
vo l tage  step, b u t  upon the  dc b i a s i n g  vo l tage  as w e l l .  
i n v e s t i g a t i o n  w i t h  s tep  vo l tages  it has been necessary t o  s tudy the  i n f l uence  o f  
t h e  b i as i ng vo I tage . 
Before c o n t i n u i n g  t h e  
I n  a d d i t i o n  t o  c o n t r i b u t i o n s  i n  understanding the  bas i c  microscopic  c r y s t a l  
p r o p e r t i e s  which l i m i t  t h e  s w i t c h i n g  r a t e  o f  f e r r o e l e c t r i c s ,  ou r  research i s  
concerned w i t h  t h e  general  problem of domain fo rmat ion  and p o l a r i z a t i o n  reve rsa l  
i n  f e r r o e l e c t r i c s .  Many o f  t h e  proposed uses f o r  f e r r o e l e c t r i c s  depend upon 
these p r o p e r t i e s .  
A paper e n t i t l e d  "180° Domain Formation i n  F e r r o e l e c t r i c s  w i t h  Shorted 
E lec t rodes"  by John L. B jorkstam and Richard E. O e t t e l  was publ ished i n  the  
B u l l e t i n  American Phys ica l  Society ,  12, p.557 (1967).  
A more complete account of t h i s  work has been accepted for p u b l i c a t i o n  i n  
t h e  J u l y  IC), 1967 issue o f  t h e  Phys ica l  Review. 
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E LECTRON D I STR I BUT I ONS AND RE LAXAT I ON T 1 MES 
0 
J. G. Dash 
Professor,  Department of Physics 
Edward A. S te rn  
Pro fessor ,  Department of Physics 
Robert  L. l nga l  I s  
A s s i s t a n t  Professor,  Department of Physics 
Re la t i ons  between l a t t i c e  dynamics and e l e c t r o n i c  c o n f i g u r a t i o n s  i n  
FeF2 and FeC12, by means of t h e  Mbssbauer e f f e c t .  
Charqinq i n  A l l o y s  and Compounds: M’dssbauer Examination o f  S i l v e r - T i n  A l l o y s  
T h i s  experiment w i l l  measure one parameter of t h e  e l e c t r o n i c  c o n f i g u r a t i o n  
i n  an a l l o y  system t h a t  i s  s imp le  enough t o  o f f e r  hope of making reasonably 
complete c a l c u l a t i o n s .  
t h e  isomer s h i f t  one has a more s t r i n g e n t  check on c a l c u l a t i o n s  than i s  g i ven  
by checking energy leve ls .  Some knowledge of  t h e  f o r c e  cons tan ts  o f  t he  l a t t i c e  
as a f u n c t i o n  of t i n  concen t ra t i on  i s  a l s o  a v a i l a b l e  v i a  t h e  second o r d e r  doppler 
s h i f t .  Also, t h e r e  i s  a poss ib i  l i t y  o f  i n v e s t i g a t i n g  an o rde r -d i so rde r  t r a n s i -  
t i o n  i n  t h e  E phase. 
By measuring the  e l e c t r o n  dens i t y  a t  t h e  nucleus v i a  
The exper imental  work i s  j u s t  s t a r t i n g  and a method fo r  p repar ing  specimen 
has been t r i e d .  The Massbauer spectrometer i s  s e t  up and g ives  good spec t ra  
w i t h  Fe57. 
The t o t a l  v e l o c i t y  s h i f t  w i  
c o n c e n t r a t i o n  and secondar i l y  as 
o u t  t h e  changes i n  t h e  isomer sh 
temperature.  There i s  a poss ib i  
amorphous a l l o y s .  
I be measured p r i m a r i l y  as a f u n c t i o n  o f  t i n  
a f u n c t i o n  of temperature i n  o r d e r  t o  separate 
f t  from t h e  second o rde r  dopp ler  s h i f t  a t  room 
i t y  o f  making t h e  same measurements i n  
15 
Anharmonic Forces i n  S o l i d s  
Duane P. Johnson 
Predoc tora l  Research Associate, Depratment o f  Phys ics (December 16 t o  June 15) 
Ph.D. Thesis  Research 
T h i s  s tudy invo lves  t h e  use o f  t h e  Mdssbauer e f f e c t  t o  e x p l o r e  t h e  anharmonic 
f o r c e  constants  o f  Fe i n  var ious  compounds. The s p e c i f i c  i n t e r e s t  i s  on t h e  "low 
temperature anharmonici ty"  which i s  e x h i b i t e d  i n  severa l  c lasses of m a t e r i a l s ,  
i n c l u d i n g  f e r r o e l e c t r i c s ,  h i g h  f i e l d  superconductors, smal l  i o n i c  i m p u r i t i e s  i n  
sol i ds , and o thers .  
An exper imenta l  i n v e s t i g a t i o n  of  FeC12 and FeF2 shows t h a t  such anharmonic i ty  
i s  q u i t e  e v i d e n t  i n  FeCI2, b u t  n o t  i n  FeF2. T h i s  work i s  near ing  complet ion,  and 
forms t h e  b a s i s  of M r .  Johnson's Ph.D. Thesis.  As a s i d e  e f f e c t  of t h i s  work, a 
novel  sample c lamping technique was developed f o r  m i n i m i z i n g  v i b r a t i o n s  a t  low 
temperature.  A t h e o r e t i c a l  a n a l y s i s  o f  t h e  Debye-Walter f a c t o r  o f  severa l  
c r y s t a l  models i s  under way, and a manuscr ipt  i s  i n  p repara t ion .  
An expe 
I i nes of  t h e  
A paper 
Dash was pub 
A paper 
irnental s tudy of  a d d i t i o n a l  compounds w i l l  be undertaken a long t h e  
c u r r e n t  study. 
e n t i t l e d  "Debye-Wal l e r  Factor  f o r  FeF2" by D. P. Johnson and J. G. 
ished i n  t h e  B u l l e t i n  American Phys ica l  Society,  12, p.378. 
e n t i t l e d  "M8ssbauer E f f e c t  of D i v a l e n t  FeS7 i n  N i O  and MnO" by J.  D. 
Siegwarth was publ ished i n  t h e  Phys ica l  Review, 155, p.285 (1967). 
A paper e n t  i t I ed "A Nove I C I amp i ng Technique fo r  a Mdssbauer-Cryostat" by 
D. P. Johnson, G. A. E r ickson and J. G. Dash has been submi t ted fo r  p u b l i c a t i o n  
i n  t h e  Review - o f  S c i e n t i f i c  Instruments. 
A paper e n t i t l e d  "Debye-Wal l e r  Factor  f o r  FeC12" by D. P. Johnson and J. G. 
Dash was presented a t  t h e  American Phys ica l  Soc ie ty  Meet ing i n  Chicago, I l l i n o i s ,  
March 1967. 
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EFFECTS OF RAD I AT I ON UPON CERAM I C MATER I ALS .a 
James 1 .  Mue l l e r  
Pro fessor ,  Ceramic Eng ineer ing  
E lec t romagnet ic  s p e c t r a l  r a d i a t i o n  causes v a r y i n g  phys i ca l  and chemical 
e f f e c t s  upon mate r ia l s .  
t h e  energy of t h e  i n c i d e n t  r a d i a t i o n  and t h e  cha rac te r  o f  t h e  m a t e r i a l .  
i s  t h e  purpose of  t h i s  research t o  more accu ra te l y  c h a r a c t e r i z e  these 
p r o p e r t i e s  w i t h  t h e  na tu re  of ceramic ma te r ia l s .  
The na ture  of t h e  e f f e c t s  i s  u s u a l l y  a f u n c t i o n  of 
I t  
U l t r a - V i o l e t  P h o t o l y s i s  Study 
James D. Siegwarth 
Sen ior  Research Associate, Ceramic Engineer ing 
Jack K. Merrow 
Predoc tora  I Associ ate, Cerami c Eng i neer i ng (December I 6  t o  J une I 5  1 
Ph.D. Thesis Research 
Lakshmi Annapoorni 
Research Ass is tan t ,  Ceramic Engineer ing (December I G  t o  June 15) 
Ph.D. Thesis Research a 
The purpose of  t h i s  research i s  the study of r a d i a t i o n  damage t o  w h i t e  
ceramic ma te r ia l s .  The s p e c i f i c  i n t e r e s t  i s  i n  u l t r a - v i o l e t  r a d i a t i o n  damage 
t o  MgO s i n g l e  c r y s t a l s  w i t h  t h e  i n t e n t i o n  of  app ly ing  knowledge gained w i t h  
t h i s  work t o  the  more general problem o f  r a d i a t i o n  damage t o  thermal c o n t r o l  
c o a t i  ngs . 
Prepara t i on  i s  underway t o  s tudy  t h e  thermal luminescence o f  MgO. A 
spectrometer and double monochromotor have been rece ived and a l i q u i d  n i t r o g e n  
c r y o s t a t  and assoc ia ted  vacuum system a r e  near ing  completion. The requ i red  
e l e c t r o n i c  equipment has e i t h e r  been purchased o r  b u i l t .  
c o n t r o l  system i s  nea r l y  complete. 
The sample temperature 
Th is  system should be i n  ope ra t i on  by t h e  middle o f  t he  summer. I t  i s  
des i red  t o  supplement t h e  thermoluminescence work w i t h  bo th  e lec t ro luminescence 
and E l e c t r o n  Spin Resonance i n  t h e  fu tu re .  Equipment w i l l  be a v a i l a b l e  f o r  
both.  Hopefu l l y ,  t h e  mechanisms invo lved i n  t h e  r a d i a t i o n  damage w i l l  be 
i d e n t i f i e d  by t h i s  work and some progress made toward t h e  u l t i m a t e  c o n t r o l  o r  
e l i m i n a t i o n  of t h i s  damage. 
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0 FERROELECTR 1 C MATER 1 ALS STUDY 
Robert  J .  Cambel I, J r .  
A s s i s t a n t  Professor,  Ceramic Engineer ing 
The o b j e c t i v e  of these s tud ies  i s  t h e  development of an exp lana t ion  o f  
t h e  mechanism of energy s to rage i n  f e r r o e l e c t r i c  ma te r ia l s ,  r e s u l t i n g  from 
displacement of atoms i n  t h e  c r y s t a l  l a t t i c e .  
Time Dependent P r o p e r t i e s  
Tracy L. S c o t t  
Research Ass i s tan t ,  Ceramic Engineering (December I G  t o  June 15) 
M.S. Thesis Research 
E a r l i e r  work on barium t i t a n a t e  demonstrated t h e  i n f l u e n c e  o f  g r a i n  s i z e  on 
the  change o f  d i e l e c t r i c  cons tan t  w i t h  t ime. 
S tud ies  thus  f a r  have shown t h a t  t h e  ag ing  r a t e  v a r i e s  i n v e r s e l y  w i t h  g r a i n  
s i z e  when t h e  g r a i n  s i z e  was c o n t r o l l e d  by a d d i t i o n s  o f  i r o n .  
A h o t  press has been cons t ruc ted  t o  prepare dense f i n e  g r a i n  samples and t h e  
i n i t i a l  samples have been prepared. These samples have n o t  been s a t i s f a c t o r y  t o  
nave been made b u t  t h e  method i s  s t i l l  be ing  s tud ied .  
da te  because o f  r a d i a l  c rack ing .  Several unsuccessful procedural  m o d i f i c a t i o n s  
F e r r o e l e c t r i c  S t r u c t u r e  
R ichard  E. Den0 ( O f f i c e  o f  Engineer ing Research) 
Research Ass is tan t ,  Ceramic Engineer ing 
M. S . Thes i s Research 
The c o r r e l a t i o n  o f  p o l a r i z a t i o n  w i t h  mechanical deformat ion o f  f e r r o e l e c t r i c  
p o l y c r y s t a l l i n e  m a t e r i a l s  has reached an apparatus c o n s t r u c t i o n  stage. 
A s t r a i n  cage capable o f  producing compressive s t r e s s  w h i l e  s u b j e c t i n g  t h e  
sample t o  v i b r a t o r y  s t r e s s  has been completed. 
0 
I '  
I 
0 
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Ox ida t i on  Studies i n  Colored Glass 
James W .  Vogan (Unsupported) 
Par t - t ime Graduate Student, Ceramic Engineer ing 
M.S. Thesis Research 
A s tudy o f  e lect rochemical  p o t e n t i a l s  i s  expected t o  revea l  t h e  i n f l uence  
o f  o x i d i z e r s  and f i r i n g  atmospheres on t h e  o x i d a t i o n  p o t e n t i a l  o f  i r o n  i n  g lass  
me I t s  . 
The i n i t i a l  system intended t o  employ the  FeO, Fe2O3, S i 0 2  system. The 
m e l t i n g  temperatures proved t o  be t o o  h igh  f o r  the  p la t i num e l e c t r o d e  system. 
The m e l t i n g  p o i n t  was reduced by changing t o  the  A l 2 O 3 ,  S i 0 2  e u t e c t i c  composi t ion.  
P la t inum e lec t rodes  were s t i l l  unsa t i s fac to ry .  Molybdenum e lec t rodes  p ro tec ted  
by an argon atmosphere a r e  now be ing  used. 
DEFECT PROPEHT I ES OF I OF4 I C AND CERAMIC CRYSTALS 
Thomas G. Stoebe 
A s s i s t a n t  Frofessor ,  M e t a l l u r g i c a l  Engineer ing 
Th is  i n v e s t i g a t i o n  concerns t h e  growth and p e r f e c t i o n  o f  i o n i c  c r y s t a l s  
and the  s tudy o f  t h e i r  de fec t  p roper t i es .  
Growth and P e r f e c t i o n  o f  S ing le  Crys ta l s  
H i r a  L. Fotedar ( O f f i c e  o f  Engineer ing Research) 
Graduate Ass is tan t ,  M e t a l l u r g i c a l  Engineer ing 
M. S . Thes i s Research 
Richard L. Trantow 
Undergraduate Aide, M e t a l l u r g i c a l  Engineer ing 
The purpose o f  t h i s  p r o j e c t  i s  t o  develop a c a p a b i l i t y  f o r  t h e  produc t ion  
o f  L i F  and MgO s i n g l e  c r y s t a l s  w i t h  known de fec t  s t r u c t u r e s  f o r  use i n  
mechanical p r o p e r t i e s  and o p t i c a l  s tud ies .  Accompl ishments d u r i n g  t h i s  r e p o r t  
p e r i o d  i n c l u d e  p r e l i m i n a r y  c r y s t a l  growth experiments us ing  the  Kyropolous 
techn ique i n  a i r ,  and t h e  development o f  a setup which allows growth i n  a 
c o n t r o l l e d  atmosphere. 
Equipment has been acqui red and the exper imenta l  setup has been designed 
f o r  t h e  use o f  i o n i c  c o n d u c t i v i t y  measurements t o  mon i to r  t h e  de fec t  s t r u c t u r e  
of t h e  c r y s t a l s  which w i l l  be produced. The l i t e r a t u r e  survey has cont inued i n  
t h e  f i e l d s  of mechanical p r o p e r t i e s  and MgO c r y s t a l  growth. 
k paper e n t i t l e d  " L a t t i c e  Defects and Defec t  I n t e r a c t i o n  i n  L i t h i u m  F l u o r i d e  
C r y s t a l s "  by T. G. Stoebe was presented a t  t h e  American I n s t i t u t e  o f  Min ing and 
M e t a l l u r g i c a l  Enaineers meetina h e l d  i n  Los Anaeles. C a l i f o r n i a .  Februarv 19f57. 
Y 
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SURFACE P ti EN OMEN A 
Many p r o p e r t i e s  o f  ceramic m a t e r i a l s  a r e  governed by t h e  c h a r a c t e r  o f  
t h e  g r a i n  boundar ies of t h e  p o l y c r y s t a l  I i ne composite. T h i s  research area 
was e s t a b l i s h e d  t o  o b t a i n  fundamental i n f o r m a t i o n  regard ing  t h e  chemist ry  
and phys ics  of t h e  sur faces o f  ceramic m a t e r i a l s .  
ALUM1 IJUM 0x1 DE B1 CRYSTALS 
P!i I I iam D. Scott 
A s s i s t a n t  Professor,  Ceramic Engineer ing 
The purpose o f  t h i s  research i s  t o  study g r a i n  boundary e f f e c t s  i n  
macroscopic b i c r y s t a l s  of aluminum o x i d e  by c o n t r o l l i n g  m i s o r i e n t a t i o n  
and environment d u r i n g  t h e i r  p repara t ion .  
Mechanical P r o p e r t i e s  of  Aluminum Oxide B i c r y s t a l s  
Henry Y. B. Mar 
Predoc tora l  Associate, Ceramic Engineer ing (December 16 t o  June 15)  0 Ph.D. Thesis  Research 
The purpose of t h i s  p r o j e c t  i s  t o  produce aluminum ox ide  b i c r y s t a l s  w i t h  
c o n t r o l l e d  m i s o r i e n t a t i o n  and t o  study t h e  mechanical p r o p e r t i e s  of  t h e  g r a i n  
boundar ies as a f u n c t i o n  of m i s o r i e n t a t i o n ,  s t r e s s  and temperature. 
" ressure-s in te red  b i c r y s t a l s  a r e  b e i n g  produced i n  t h e  apparatus descr ibed 
i n  e a r l i e r  r e p o r t s .  
of thermal expansion mismatch on spontaneous c r a c k i n g  i n  b i c r y s t a l s .  A model 
p r e d i c t i n g  f r a c t u r e  a r r a y s  has been developed, and specimens f o r  a s e r i e s  of 
m i s o r i e n t a t i o n  exper iments have been or ien ted ,  c u t  and p o l i s h e d  f l a t .  I n i t i a l  
exper iments on specimens w i t h  thermal expansion mismatch show t h e  expected 
f r a c t u r e  p a t t e r n s .  
Experiment; a r e  be ing c a r r i e d  o u t  t o  determins t h e  e f f e c t  
I n t e r n a l  s t resses  f r o v  thermal expansion mismatch a r e  n o t  u s u a l l y  cons idered 
t o  be s i g n i f i c a n t  i n  aluminum ox ide.  Th is  s tudy should p rov ide  i n f o r m a t i o n  on 
t h e  t r u e  magnitude of i n t e r n a l  s t resses as they r e l a t e d  t o  f r a c t u r e  i n i t i a t i o n  i n  
a 1 umi na. 
A paper e n t i t l e d  "Reheat 3 l o a t i n g  of Hot Pressed M a t e r i a l s "  by W.  D. S c o t t  
was presented a t  t h e  Tr i -Sec t ion  Meeting, American Ceramic Society,  h e l d  i n  
Yakima, Washington, May 1367. 
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Pore Growth and Pore Removal i n  Gra in  Boundaries o f  Aluminum Oxide 
~ ~- ~~ 
W i l l i a m  D. Scott 
Assi s t a n t  Professor ,  Cerami c Engi neer i  ng 
of  
t h  
of  
f o  
The purpose of t h i s  p r o j e c t  i s  t o  s tudy t h e  fo rmat ion  and subsequent removal 
pores located on g r a i n  boundar ies i n  aluminum ox ide  b i c r y s t a l s ,  and t o  r e  
s pore behav io r  t o  s i n t e r i n g  and d i f f u s i o n  i n  aluminum ox ide .  
F u r t h e r  anneal ing s t u d i e s  have been c a r r i e d  o u t  i n  pores i n  t h e  boundar 
new b i c r y s t a l s .  The development of boundary pore s t r u c t u r e s  i s  b e i n g  
lowed. A d i r e c t  r e l a t i o n s h i p  between t h e  sur face  roughness of t h e  c r y s t a  
a t e  
es 
S 
used i n  f a b r i c a t i o n  of b i c r y s t a l s  has been es tab l i shed,  and reproducable pore 
s t r u c t u r e s  are  be ing  obta ined.  
F u t u r e  work w i l l  a t tempt  t o  r e l a t e  +he r a t e  of change of  pore shape t o  sur -  
face and g r a i n  boundary d i f f u s i o n  i n  alumina. 
I n t e r f a c i a l  Energies o f  Aluminum Oxide B i c r y s t a l s  
James F. Shackel ford 
Research Ass is tan t ,  Ceramic Engineer ing (December 16 t o  June 15) 
M. S. Thes i s  Research 0 
Steven T. Burnum 
Undergraduate Aide, Ceramic Engineer ing 
The purpose of t h i s  p r o j e c t  i s  t o  determine t h e  r e l a t i v e  i n t e r f a c i a l  g r a i n  
boundary energ ies i n  aluminum o x i d e  by measuring t h e  p r o f i l e  o f  t h e r m a l l y  
e tched boundar ies.  
A computer curve f i t t i n g  and ou tpu t  p l o t  program have been developed t o  
analyze t h e  shape o f  t h e r m a l l y  e tched grooves. A s e r i e s  o f  specimens f o r  
b i c r y s t a l  f a b r i c a t i o n  have been or ien ted ,  c u t  and p o l i s h e d  f l a t .  Pressed 
b i c r y s t a l s  have been f a b r i c a t e d  and are now be ing  t h e r m a l l y  etched. 
A s i m p l e  ti I t  boundary w i t h  m i s o r i e n t a t i o n  se lec ted  t o  produce pure edge d i s -  
l o c a t i o n s  w i l l  be i n v e s t i g a t e d  and r e s u l t s  w i l l  be compared w i t h  c u r r e n t  t h e o r i e s  
on gra  i n boundary s t r u c t u r e s .  
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The E f f e c t  of MgO Impur , ty  on R e l a t i v e  I n t e r , s c i a l  Energy i n  Alumina 
Michael Matson (Unsupported) 
Par t - t ime Graduate Student, Ceramic Engineer ing 
M. S . Thes i s Research 
The purpose of t h i s  p r o j e c t  i s  t o  measure t h e  e f f e c t  of  t h e  presence o f  
MgO on t h e  g r a i n  boundary energy o f  alumina and t o  c o r r e l a t e  t h i s  e f f e c t  w i t h  
c u r r e n t  t h e o r i e s  of s i n t e r i n g  i n  alumina. 
Specimens of  h i g h  p u r i t y  alumina have been or ien ted ,  c u t  and p o l i s h e d  f l a t .  
I n i t i a l  thermal e t c h i n g  exper iments are b e i n g  c a r r i e d  o u t  i n  coopera t ion  w i t h  
M r .  Shackel ford.  Selected t i l t  boundaries s i m i l a r  t o  those s t u d i e d  i n  t h e  
i n v e s t i g a t i o n  on g r a i n  boundary s t r u c t u r e s  w i l l  be fabr ica ted ,  and t h e  e f f e c t s  
of i m p u r i t i e s  and d e l i b e r a t e  MgO doping w i l l  be inves t iga ted .  
I m p u r i t y  D i f f u s i o n  i n  P4qO Under t h e  In f luence o f  an E l e c t r i c  F i e l d  
Chester A. Hinman 
Predoc tora l  Associate, Ceramic Engineer ing (December 16 t o  June 15) 
Ph.D. Thes is  Research 
The purpose o f  t h i s  p r o j e c t  i s  t o  i n v e s t i g a k t h e  d i f f u s i o n  of  n i c k e l  i n  
MgO a t  h i g h  temperature and i n  an e l e c t r i c  f i e l d .  By us ing  t h e  microprobe t o  
measure t h e  d r i f t  o f  t h e  d i f f u s i o n  p r o f i l e  i n  a sandwich d i f f u s i o n  couple, one 
can ob ta in ,  w i t h  t h e  h e l p  of o t h e r  b u l k  d i f f u s i o n  data, t h e  m o b i l i t y  and e f f e c -  
t i v e  change of t h e  n i c k e l  ions. 
d i f f u s i o n  mechanism. 
0 
In fo rmat ion  can a l s o  be obta ined on t h e  
The Centor r  furnace has been assembled and checked a t  1500°C. R e s i s t i v i t y  
o f  pure and N i  doped MgO has been measured and a t r i a l  d i f f u s i o n  run has been 
c a r r i e d  o u t .  Microprobe a n a l y s i s  techniques a r e  now be ing  developea. 
Once t h e  f a b r i c a t i o n ,  anneal ing and analyses techniques a r e  w e l l  es tab l i shed,  
h i g h  p u r i t y  MgO s i n g l e  c r y s t a l s ,  which a r e  on hand, w i l l  be used fo r  t h e  f i n a l  
exper  i ments , 
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SURFACE D I FFUS I ON 
' 0  ! .  
J e r r y  E. Turnbaugh 
A s s i s t a n t  Professor ,  Ceram c Engineer 
Edward H. Randklev 
Research Ass is tan t ,  Ceramic Engineer ing (March 16 t o  June 15) 
Ph.D. Thesis Research 
The purpose o f  t he  p r o j e c t  i s  t o  measure su r face  d i f f u s i o n  c o e f f i c i e n t s  in 
orde r  t o  o b t a i n  i n fo rma t ion  upon t h e  s t r u c t u r e  and chemical na ture  o f  t h e  sur-  
face o f  ceramic ma te r ia l s .  
Cons t ruc t i on  o f  apparatus and survey o f  l i t e r a t u r e  a re  cont inu ing .  Pre- 
l i m i n a r y  c a l c u l a t i o n s  based on l i t e r a t u r e  data i n d i c a t e  t h a t  t h e  system Al2O3- 
C r z O 3  i s  exper imenta l l y  s u i t a b l e .  
Research i n  t h i s  area i s  
e f f e c t  of process ing v a r i a b l e s  
ceramic m a t e r i a l s  and upon t h e  
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PROCESSING 
ntended t o  g a i n  i n f o r m a t i o n  r e l a t i v e  t o  t h e  
upon t h e  micro- and macro-st ructure o f  
r r e s u l t a n t  p r o p e r t i e s .  
CERAM I C PROCESS I NG 
0. J. Whi ttemore, J r .  
Associate Professor ,  Ceramic Engineer ing 
i n i t i a l  Stages o f  S i n t e r i n g  -- 
J . Joseph Sipe 
Predoc tora l  Associate, Ceramic Engineer ing (December 16 t o  June 15)  
Ph.D. Thesis  Research 
The o b j e c t i v e  of  t h i s  p r o j e c t  i s  t o  s tudy the  i n i t i a l  stages of s i n t e r i n g  
where pore  growth occurs.  
s i n t e r i n g  o f  severa l  ceramic m a t e r i a l s  a l thouah i t  a l s o  has been shown t o  occur  
s imu l taneous ly  w i t h  shr inkage. 
pore growth occurs g e n e r a l l y  and the c o n t r o l l i n g  mechanisms. 
T h i s  phenomenon has been shown t o  occur  d u r i n g  t h e  
Auxi I i a r y  o b j e c t i v e s  a r e  t o  determine whether 
Rate de terminat ions  were made on pore growth d u r i n g  t h e  s i n t e r i n g  o f  i rm 
c x i d e  (Mapico 297) a t  temperatures from 500 t o  709OC. F r o m  these determinat ions,  
t h e  a c t i v a t i o n  energy of pore growth o f  i r o n  ox ide  was c a l c u l a t e d  as aDout 15 K 
cal /mole,  about one-tenth t h e  va lue publ ished f o r  t h e  a c t i v a t i o n  energy of  
s h r  inkage. 
H paper e n t i t l e d  "Pore Growth Dur ing S i n i e r i n g  of  MgO, Fez03 and AI203'' by 
0. J .  Whittemore, J r .  and J.  Joseph Sipe was presented a t  t h e  Annual Meet ing of  
t h e  American Ceramic Society ,  New Y o r k  C i t y ,  May 1967. 
Development of E l e c t r i c a l  P o r c e l a i n  from P a c i f i c  Northwest M a t e r i a l s  
Donald Wadekamper (Edward Orton J r .  Ceramic Foundat ion Fel  lowship) 
Research Ass is tan t ,  Ceramic Engi neer i ng 
1.1. S . Thes i s Research 
The o b j e c t i v e  of t h i s  p r o j e c t  i s  t o  develop e l e c t r i c a l  p o r c e l a i n s  u t i l i z i n a  
c e r a r i c  raw m a t e r i a l s  from t h e  P a c i f i c  Northwest. P r o p e r t i e s  o f  the  raw m a t e r i a l s  
w i l l  b e  r e l a t e d  w i t h  t h e  r e s u l t a n t  p r o p e r t i e s  of  t h e  p o r c e l a i n s .  
H t y p i c a l  p o r c e l a i n  has been compounded o f  commercial ly a v a i l a b l e  fe ldspar ,  
f l i n t  and c l a y .  S u b s t i t u t i o n s  o f  Lake Wenatchee a l b i t e ,  Lane MT. s i l i c a  f i n e s ,  
and lone k a o l i n  w i l l  be made. 
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. C h a r a c t e r i z a t i o n  and Forminq 
Douglas J. Ca lk ins  
Predoc tora l  Associate, Ceramic Eng ineer ing  (December 16 t o  June 15) 
Ph . D. Thes i s Research 
' : 
Danie l  L e i s e r  
Research Ass is tan t ,  Ceramic Engineer ing (December 16 t o  June 15) 
M. S . Thes i s  Research 
The o b j e c t i v e  of t h i s  p r o j e c t  i s  t o  study ceramic fo rming  methods and t o  
c o r r e l a t e  c h a r a c t e r i z a t i o n  of  p a r t i c l e s  and agglomerates w i t h  fo rming  and sub- 
sequent p roduc t  p r o p e r t i e s .  Present a c t i v i t i e s  a r e  be ing  devoted t o  t h e  study 
of  compaction. 
Compaction curves o f  g lass  spheres have an "S" shape n o t  shown by prev ious  
i n v e s t i g a t o r s .  Th is  observa t ion  may i n d i c a t e  a l a r g e r  c o n t r i b u t i o n  t o  compaction 
from f r a c t u r e  than from rearrangement because of  t h e  l a r g e r  regu la r - s i zed  g lass  
spheres. P r e l i m i n a r y  compaction curves have been conducted on through 35 on 
42-mesh fused alumina and' fused mu1 l i t e - p a r t i c l e s .  The e f f e c t  o f  compaction 
r a t e  w i t h i n  t h e  range p o s s i b l e  w i t h  the l n s t r o n  machine has shown compaction 
be i n v e r s e l y  p r o p o r t i o n a l  t o  r a t e .  
Compaction c e l l s  have been designed f o r  s t u d i e s  of p a r t i c l e  arrangement 
pore  d i s t r i b u t i o n  a f t e r  compaction. 0 
t o  
and 
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EFFECT OF LANTHANUM DOPING UPON BARIUM TITANATE 
James I, Mue l l e r  
Professor,  Ceramic Eng ineer ing  
Ronald P. Bu r ley  (Na t iona l  Lead Co. Fe l lowsh ip)  
Research Fe l  low, Ceramic Eng ineer ing  
14. S . Thes i s Fiesea rch  
Th is  i n v e s t i g a t i o n  was i n i t i a t e d  t o  determine t h e  e f f e c t s  o f  p rocess ing  
parameters such as t y p e  of lanthanum add i t i ve ,  f i r i n g  temperature and furnace 
atmosphere upon t h e  micro- and macro-propert ies of bar ium t i t a n a t e .  
Lanthanum doped barium t i t a n a t e  d iscs  were prepared by t h e  TAM Research 
Laboratory.  C. P. BaTi03 was doped w i th  lanthanum o x a l a t e  and lanthanum 
n i t r a t e .  Both l i n e  scans and r a s t e r  d i sp lays  were made w i t h  t h e  e l e c t r o n  
microprobe. Segregat ion of lanthanum i s  found t o  occur  i n  o n l y  one specimen 
and t h i s  i s  a t t r i b u t e d  t o  poor mixing. 
o f  h i g h e r  lanthanum concent ra t ion .  These g r a i n s  a l s o  have a lower barium 
c o n c e n t r a t i o n  b u t  t h e  t i t a n i u m  concen t ra t i on  i s  e s s e n t i a l l y  cons tan t .  
Segregat ion occurs as separate g r a i n s  
Photomicrographs were taken o f  po l i shed and etched specimens. A d d i t i o n  o f  
lanthanum i s  found t o  i n h i b i t  g r a i n  growth w i t h  the  n i t r a t e  be ing  more e f f e c t i v e  
i n  t h i s  respec t  than t h e  oxa la te .  This may be due t o  t h e  s o l u b l e  na tu re  of t h e  
n i t r a t e .  
d i s t r i b u t i o n  was n o t  determined. 
No b a r r i e r  l aye rs  were observed a t  g r a i n  boundar ies al though oxygen 
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APPENDIX A - I  
D i s t r i b u t i o n  of P r o j e c t s  W i t h i n  t h e  U n i v e r s i t y  According t o  Research Areas 
.- 
Number of Sol i d  
Academic Department P r o j e c t s  Zr-0-C S t a t e  Surface Process 
- - - Chem i s t r y  I I 
Ceram i c Eng i neer I ng 13 3 3 5 2 
E l e c t r i c a l  Engineer ing I - - I - 
M e t a l l u r g i c a l  
Phys i c s  I 
- - Engineer ing 4 3 I 
- - I - 
- - - - - 
TOTAL 20 7 6 5 2 
APPENDIX A-2 
Number of Students and F a c u l t y  Involved i n  Research Supported by Grant Funds 
0 
Number of - Academic Department P r o j e c t s  
Chem i s t r y  I 
E l e c t r i c a l  Engineer ing I 
Engineer ing 4 
Phys ics I 
TOTAL 20 
Ceramic Engineer ing 13 
M e t a l l u r g i c a l  
- 
Research Under Tota I 
Facu l t y  F a c u l t y  Grads MS Ph.D. Grads - - - -
I I I 
4 2 I 3 I I  14 
I I I 
- - - 
- - - 
4 - I 2 I 3 
I I 3 - - - 
13 2 2 5 15 20 
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APPENDIX B 
Ceramic M a t e r i a l s  Research Seminars 
"Rad ia t ion  Damage i n  A urninurn Oxide" 
3 r .  Te r ry  D. Gulden, General Atomics, San Diego, C a l i f o r n i a  
"Research i n Ceramic Process i ngrr 
M r .  0 .  J. Whittemore, Associate Pro fessor  of Ceramic Engineer ing 
"MEssbauer E f f e c t  o f  Fe57 i n FeC 1 2 ' '  
Mr. Duane P. Johnson, Predoc tora l  Research Associate, I lepartment o f  Physics 
"bi  scuss i on of  Rock-Sa I t  S t r u c t u r e  Trans it i on Meta I Oxi des" 
3 r .  i?ober t  G. Lye, Research I n s t i t u t e  o f  Advanced Studies, U a r t i n  Company, 
Ba I ti more , Mary I and 
"Thermal Expansion of An iso t rop ic ,  P o l y c r y s t a l l i n e  Ceramics" 
D r .  J e r r y  E. Turnbaugh, A s s i s t a n t  Pro fessor  o f  Ceramic Engineer ing 
" L i q u i d  Metal Embr i t t lement  and B r i t t l e  F rac tu re  i n  Z inc"  
ilr. 14. H. Kamdar, Research I n s t i t u t e  o f  Advanced Studies, M a r t i n  Company, 
Ea I t i more, Mary I and 
"S t ruc tu res  of L i q u i d  S i  I i c a t e s  from Densi ty Measurements" 
Mr. 0. K. Gaskel I , Research S t a f f ,  Department o f  Neta l  lu ray  and !!eta 
Engineering, McMaster U n i v e r s i t y ,  Hami I t on ,  Ontar io ,  Canada 
"Band S t r u c t u r e  Determinat ions of Zirconium Carbide" 
l4r. A lan  D. M i  I i e r ,  Predoc tora l  Research Associate, Ceramic Engineer 
"Processing of P o l y c r y s t a l  I i ne  F e r r o e l e c t r i c s "  
I u r g  i ca I 
na 
D r  . 
"D i 
Mr . 
"So 
M r .  
"Ha 
Mr. 
k!r. Robert-J. Campbell, J r .  , Ass is tan t  P ro fesso r  o f  Ceramic Eng ineer ing  
" S t r u c t u r a l  Aspects of Zeol i t e  ' F a u j a s i t e ' "  
Verner Schomaker, Pro fessor  and Chai rman o f  t h e  Department o f  Chemi s t r y  
f u s i o n  and S o l u b i l i t y  o f  Helium Gas i n  Uranium Oioxide" 
F'ei Sung, Predoc tora l  Research Associate, Ceramic Engineer ing 
i d S t a t e  E lec t ro -D i  f f us ion" 
Chester A. Hinman, Predoc tora l  Research Associate, Ceramic Eng ineer ing  
f a Century P l u s  o f  Research i n  Glass" 
George McLe I Ian, Corni  ng Glass Works , Orange, Ca I i f o r n  i a  
"Thermo I umi nescence and Decay Measurements of Lumi nescent Ma te r ia  Is "  
Mr. L a r r y  0.  R i  ley, P r o j e c t  Leader, E l e c t r o  O p t i c a l  Measurements Group, 
Advanced M a t e r i a l s  Department, Display Devices Development, Tek t ron i x ,  Inc.  a 
28 
"Metal Carbide Hesearch a t  t he  Lewis F l i q h t  Center" 
0 
i)r. ti. B. Probst ,  Head, Re f rac to ry  Cornpokds Sect ion,  M a t e r i a l s  S t r u c t u r e  
D iv i s ion ,  Lewis F l i g h t  Center, NASA, Cleveland, Ohio 
"Measurements on MgO Powder" 
M r .  Dean Carey, Research Engineer, Tekt ron ix ,  Beaverton, Oregon 
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APPENDIX C 
Papers Publ ished: 
"180° Domain Formation i n  F e r r o e l e c t r i c s  w i t h  Shorted Electrodes,"  John L. 
Bjorkstam and Richard E. O e t t e l ,  B u l l e t i n  American Phys ica l  Society ,  - 12,
p.557 (1967).  
"Debye-Wal l e r  Fac to r  f o r  FeF2," D. P. Johnson and J .  G. Dash, 
American Phys ica l  Society,  l2, p.378 (1967).  
"The E f f e c t  of P l a s t i c  Deformat ion on t h e  R e s i s t i v i t y  and Hal 
Copper-Palladium and Gold-Palladium A l l oys , "  M. J.  K i m  and W .  
- Acta M e t a l l u r q i c a ,  - 15 (1967). 
Bul l e t i n  
E f f e c t  o f  
F. Flanagan, 
"An Approximate Densi ty  of States Curve and i t s  R e l a t i o n  t o  t h e  Measured 
E l e c t r i c a l  R e s i s t i v i t y  of Gold-Palladium Al loys,"  M. J .  K i m  and W .  F. 
Flanagan, - Acta M e t a l l u r q i c a ,  15 (1967). 
"The Recovery K i n e t i c s  o f  Deformed Copper-Palladium and Gold-Palladium 
Al loys,"  M. J. K i m  and W .  F. Flanagan, - Acta M e t a l l u r q i c a ,  - 15 (1967).  
"Re la t i onsh ip  Between D i s l o c a t i o n  Densi ty  and Flow Stress i n  M a t e r i a l s  
Deforming by a P e i e r l s  Mechanism," Donald J .  B a i l e y  and W .  F. Flanagan, 
P h i l o s o p h i c a l  Maqarine, 15, 43 (1967).  
"Mbssbauer E f f e c t  o f  D i v a l e n t  FeS7 i n  N i O  and MnO," J.  D. Siegwarth, 
Phys i ca l  Review, 155, p.285 (1967). 
Papers Accepted f o r  P u b l i c a t i o n :  
"180° Domain Formation i n  F e r r o e l e c t r i c s  w i t h  Shorted Electrodes,"  J .  L. 
B jorkstam and Richard E .  O e t t e l ,  Physical  Review. 
Papers Submitted for  P u b l i c a t i o n :  
"A Novel Clampina Technique f o r  a MBssbauer-Cryostat,' ' D. P. Johnson, G. A .  
Er i ckson  and J .  G. Dash, Review - of S c i e n t i f i c  Instruments.  
" C a l c u l a t i o n  of t h e  Temperature-Dependent Shear Modulus o f  UO2," J .  E .  
Turnbaugh and Pei Sung, Journal  of Nuclear M a t e r i a l s .  
" C a l c u l a t i o n  of D i f f u s i v i t y  and S o l u b i l i t y  w i t h  Error Ana lys i s  f o r  D i f f u s i o n  
i n  a Sphere," J .  E .  Turnbaugh and Pei Sung, Journal  of t h e  American Ceramic 
S O ~  i e t y  . ---
30 
. Pa e r s  Presented: 
"Debye-Waller Fac to r  f o r  FeC12," D. P. Johnson and J .  G. Dash, American 
Phys ica l  Society,  Chicago, I l l i n o i s ,  March 1967. 
"Reheat B l o a t i n g  of Hot Pressed Mate r ia l s , "  W. D. Scot t ,  T r i - S e c t i o n  Meet ing 
of t h e  American Ceramic Society,  Yakima, Washington, May 1967. 
" L a t t i c e  Defects  and Defect  I n t e r a c t i o n  i n  L i t h i u m  F l u o r i d e  Crys ta l s , "  T. G. 
Stoebe, M e t a l l u r g i c a l  Society,  AIME, Los Angeles, C a l i f o r n i a ,  February 1967. 
"A Model for t h e  Commencement of Serrated Y i e l d i n g  i n  BCC Iron," D. J .  B a i l e y  
and W. F. Flanagan, M e t a l l u r g i c a l  Society,  AIME, Los Angeles, C a l i f o r n i a ,  
February 1967. 
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